The Formosan subterranean termite, Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae), is a worldwide structural pest that causes huge economic losses. Currently, soil treatments with liquid termiticides account for Ϸ80% of the market share in the termite control industry (Rust and Su 2012) . Fipronil is a widely used liquid termiticide, and its efÞciency to suppress C. formosanus populations has been proven both in the laboratory and Þeld (Ibrahim et al. 2003 , Waite et al. 2004 , Vargo and Parman 2012 , Gautam et al. 2013 . The second tier of toxicity of Þpronil to C. formosanus depends on horizontal transfer of the chemical among termite cohorts. Factors shown to affect Þpronil transfer include donorÐrecipient ratio, preexposure dose and duration, temperature, substrate type, and caste structure (Ibrahim et al. 2003 , Shelton and Grace 2003 , Hu 2005 , Song and Hu 2006 , Spomer et al. 2008 , Gautam and Henderson 2011a . However, the inßuence of group size on horizontal transfer has not been studied. We hypothesized that the horizontal transfer of Þpronil is enhanced with increased C. formosanus group size. To test this hypothesis, three group sizes (n ϭ 10, 25, and 50) were compared for mortality among donor termites (initially treated with 5 or 10 ppm Þpronil) and recipients of horizontal transfer.
Materials and Methods
Termites. Two colony groups of C. formosanus were collected from Brechtel Park, New Orleans, LA, on 24 October 2012, using the method described in Gautam and Henderson (2011b) . Both colonies were maintained in the laboratory for Ͻ1 mo before testing. Only worker termites of the third instar or older were used for this study.
Fipronil-Treated Sand. Construction sand (Louisiana Cement Product, Baton Rouge, LA) was autoclaved (121ЊC for 1 h) before the experiment. Two concentrations of Þpronil-treated sand (5 and 10 ppm) and untreated sand (control) were used for the tests. To prepare 5 ppm Þpronil-treated sand, 27.5 l of Termidor SC (9.1% Þpronil, BASF Corp., Charlotte, NC) was dissolved in 60 ml of acetone and thoroughly mixed with 500 g sand in a sealed Ziploc bag (S.C. Johnson & Son, Racine, WI). The amount of Termidor SC was doubled to prepare 10 ppm Þpronil-treated sand. Sixty milliliter of acetone alone was mixed with 500 g sand to make the untreated control. The Ziploc bags containing treated or control sand were opened and placed under a fume hood for 4 d to completely evaporate the acetone.
Exposure of Donor Termites to Treated Sand. Nile blue A-dyed termites (blue termites) were prepared as described in Gautam and Henderson (2011a) . To prepare donors, 60 g each of the treated (5 or 10 ppm Þpronil) or control sand was placed in a Petri dish (150 by 15 mm, Fisherbrand, Fisher ScientiÞc, Pittsburgh, PA) and moistened with 9 ml of distilled water where 200 dyed termites from each colony were released and allowed to walk on the sand for 1 h at room temperature (22ЊC). Donors were then transferred to clean Petri dishes, and any sand brought by donors was carefully removed.
Horizontal Transfer Bioassay. Transfer tests were conducted in three group sizes: 10, 25, and 50 termites. Bioassay arenas were Petri dishes (100 by 15 mm) that contained a Þlter paper disc (7.5 cm, Ahlstrom grade 617) moistened with 1 ml of distilled water. For each group size and concentration tested (including control), 20% donors (blue termites) were mixed with 80% recipients (white termites). There were 10 replicates for each treatment (Þve replicates for each termite colony). The Petri dishes were sealed with ParaÞlm and placed in an incubator at 27ЊC in total darkness. The dead donors and recipients in each Petri dish were counted at 12, 20, 44, 70, 92, 118, 140, 166, 192, 214, 238, 260 , and 288 h. A termite was assumed dead when it was upside down and showed no appendage movement in 2 s.
Data Analyses. SAS PROC MIXED model (SAS Institute, Cary, NC, 2011) was used to analyze percentage mortality of donor and recipient termites at each observation period, followed by TukeyÕs honestly signiÞcant difference (HSD) test for means comparison at the ␣ ϭ 0.05 level. SAS Probit-Log Analysis was used to estimate the LT 50 , LT 90 , and 95% CLs of recipient termites.
Results and Discussion
In the Þpronil treatments, there was a signiÞcant difference in mortality of recipients based on group size. For colony 1, the mean mortality of recipients in groups of 50 termites was signiÞcantly higher than in group of 10 termites at 44 h (5 ppm Þpronil: F 2,12 ϭ 4.14, P ϭ 0.0429; 10 ppm Þpronil: F 2,12 ϭ 10.01, P ϭ 0.0028). For colony 2, signiÞcantly higher mean mortality of recipients were found in groups of 50 termites compared with groups of 10 termites from 192 h (F 2,11 ϭ 5.35; P ϭ 0.0238) to 238 h (F 2,11 ϭ 7.07; P ϭ 0.0106) in the 5 ppm Þpronil treatment, and from 44 h (F 2,12 ϭ 5.92; P ϭ 0.0162) to 118 h (F 2,12 ϭ 4.93; P ϭ 0.0274) in the 10 ppm Þpronil treatment. Most donors were dead within 20 h; mean mortality of donors was not signiÞcantly different regardless of the group size at 12 or 20 h (P Ͼ 0.05, data not shown). In the controls, there was Ͻ10% mortality of donors or recipients during the test period; mean mortality of untreated donors or recipients in the three groups was similar at each observation period (P Ͼ 0.05, data not shown).
The LT 50 and LT 90 of recipients decreased with increase of group size and were signiÞcantly shorter in groups of 50 termites compared with groups of 10 termites, with the exception of LT 50 for colony 1 in the 5 ppm Þpronil treatment, which was not signiÞcant ( Table 1 ). The variance in mortality, LT 50 , and LT 90 of recipients in groups of 50 termites was lowest among the three group sizes, indicating a smaller withingroup difference in replicates with bigger termite groups.
For colony 2 in the 5 ppm Þpronil treatment, a relatively high mortality and short LT 50 of recipients was found in groups with 25 termites. In three of the Þve replicates that had high mortality, dead termites assumed a red color, indicating an infection by Serratia marcescens Bizio, a bacterial pathogen naturally associated with C. formosanus (Wang and Henderson 2013) . Increased termite mortality caused by S. marcescens after termiticide treatment has previously been reported (Johnson et al. 2011 , Wang et al. 2013 .
Our results showed that 10 ppm Þpronil treatments led to signiÞcantly shorter LT 50 and LT 90 of recipients in all group sizes tested as compared with the 5 ppm Þpronil treatment. This result corroborates Song and Hu (2006) that lethal transfer of Þpronil is enhanced with increased preexposure dose. Although only one donorÐrecipient ratio was tested in this study, it is well established that higher proportions of donors to recipients will enhance Þpronil transfer (Song and Hu 2006, Spomer et al. 2008) . It is also important to note that, compared with colony 2, recipients in colony 1 had signiÞcantly shorter LT 50 and LT 90 regardless of group size. Similarly, Mao et al. (2011) observed the colony variation of C. formosanus in response to termiticides including Þpronil. Under certain Þpronil concentration and donorÐrecipient ratio conditions, the group size-dependent mortality of recipients for both colonies indicates that group size is another key factor for Þpronil transfer.
The horizontal transfer of Þpronil among termites can be caused by body contacts, mutual grooming, trophallaxis, cannibalism, and contact with treatment areas contaminated (Song and Hu 2006) . Saran and Rust (2007) reported that body contacts is the main factor for horizontal transfer of Þpronil among west- ern subterranean termites, Reticulitermes hesperus Banks. It is likely that termites in bigger group sizes (density) have more body contacts than when in smaller group sizes. The larger "footprint" of contaminated areas caused by more donors in bigger groups also may shorten the mortality time of recipients. Moreover, the biggest group size tested in our study showed a small variance (within-group difference) in mortality, LT 50 , and LT 90 of recipients, indicating a more uniform horizontal transfer of Þpronil by termites when density was high, probably because of the increased frequency of contacts among donors, contaminated areas, and recipients in bigger groups. C. formosanus is known for its large colonies (Su and Scheffrahn 1988), which we suggest enhances the efÞciency for Þpronil transfer from donors to recipients. Our Þndings also suggest that the use of small termite group sizes should be avoided in laboratory studies.
